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1. Introduction 
In photosynthesis of higher plants and cyanobacteria 
two photosystems are responsible for light induced charge 
separation. Photosystem II catalyses the electron transfer 
from water at the lumenal side to quinone at the stromal 
side, during this process oxygen is evolved. 
Photosystem I catalyses the electron transport from the 
soluble electron carrier plastocyanin or cytochrome c6 at 
the lumenal side to ferredoxin at the stromal side of the 
membrane. Photosystem II shows homology to the reaction 
centre of purple bacteria in sequence as well as in content 
of electron carriers, yet purple bacteria re not able to use 
water as electron donor. Photosystem I has nearly no 
sequence homology to the reaction centre of purple bacte- 
ria, there are furthermore differences in the content of 
electron carriers and in the fact that Photosystem I carries 
its own antenna system of 90 chlorophyll a molecules. 
Green sulfur bacteria and heliobacteria re related to 
Photosystem I (for review on evolutionary relationship see 
Ref. [1 ]). 
The major part of Photosystem I is constituted by the 
two large subunits PsaA and PsaB (= 83 kDa, each), 
carrying most of the electron transport chain: P700 (a Chl 
a dimer), A0 (a monomer of Chl a ), AI 
(phylloquinone/Vit K l ) and the first of the three [4Fe-4S] 
clusters F x. In addition, the 90 Chl a molecules of the 
antenna re bound by these subunits. Three subunits are 
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located at the stromal side of Photosystem I: subunit PsaC 
(8.8 kDa), subunit PsaD (15.4 kDa) and subunit E (8.4 
kDa). PsaC carries the two terminal [4Fe-4S] clusters F A 
and F a. 
Subunit PsaF (15.1 kDa), which is supposed to be 
involved in docking of plastocyanin, is located at the 
lumenal side of Photosystem I. 
In addition, Photosystem I contains 5 small membrane 
intrinsic subunits (PsaI (4.6 kDa), PsaJ (4.8 kDa), PsaK 
(8.5 kDa), PsaL (15.5 kDa) and PsaM (3.5 kDa). PsaL was 
shown to be involved in the trimerisation, the function of 
the other minor subunits is not known so far (for review on 
Photosystem I see Refs. [2] and [3]). 
The genes of all subunits of Photosystem I from Syne- 
chococcus elongatus have been sequenced [4]. The molec- 
ular mass of a monomer of Photosystem I can be deduced 
to be 340 kDa, taking the contents of proteins and chro- 
mophores into account. 
Photosystem I was isolated from Synechococcus elon- 
gatus in a trimeric form [5,6], a monomer of which 
represents he functional unit [7]. There is strong evidence, 
that Photosystem I also exists in the membrane in form of 
a trimer [8-10]. Crystals suitable for structure analysis 
were obtained by crystallisation of the trimer, showing 
X-ray reflexes up to 4 A [11,12]~ A model of Photosystem 
I was proposed, based on a 6 A X-ray structure analysis 
using these crystals [13]. Improved isolation and crystalli- 
sation protocols led to crystals of higher quality allowing 
X-ray diffraction data to be collected to a resolution of 4 
A. Results based on an electron density map calculated at 
4.5 A resolution were recently published [14]. In the 
following, we want to summarise and review the structure 
of Photosystem I as known at present. Furthermore, sug- 
gestions on the relationship of Photosystem I to the reac- 
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tion centre of purple bacteria and Photosystem II are 
introduced. 
2. Progress in isolation of photosystem I and quality of 
crystals 
A first prerequisite in obtaining improved structural 
information on Photosystem I by X-ray crystallography 
methods lies in the improvement of crystal quality. Previ- 
ously Photosystem I was solubilized from membranes of 
Synechococcus  e longatus by the use of sulfobetain 12, 
while the detergent dodecyl 13-maltoside was used during 
the subsequent purification steps [7]. This leads to a partial 
loss of PsaF during purification, as was recently reported 
[15]. The discrepancy between the amount of protein, 
which could be isolated (20 mg/2  month) and the large 
amount of protein required for crystallisation (80 mg/ml)  
represented the rate limiting step in the optimisation of the 
crystallisation procedures. 
These problems were overcome by a novel, rapid isola- 
tion procedure (paper in preparation), based on the exclu- 
sive use of high quality dodecyl [3-maltoside (purity > 
99.8%) for the solubilisation and all purification steps as 
well as the crystallisation of Photosystem I. The improved 
isolation procedure allows 20 mg pure protein to be pre- 
pared in two weeks. 
The purified protein contains all subunits (including 
PsaF) and crystals can be grown reproducibly by dialysis 
against a reservoir of solution at low ionic strength [12] in 
two days at 4°C. The crystals are dark green, hexagonal 
needles or hexagonal l~lates, diffracting X-rays to a maxi- 
mal resolution of 3.5 A. 
Fig. 1A shows a crystal of Photosystem I (diameter 1.5 
mm), Fig. 1B the diffraction pattern of a Photosystem I 
crystal. 
Fig. 1. (A) Crystal of Photosystem I, the diameter ofthe hexagonal plate 
is 1.5 mm, height of the plate 0.5 ram. (B) X-ray diffraction pattern of 
Photosystem I crystal, measured onbeamline X11, DESY, Hamburg, Mar 
Research Image Plate 300mm Diameter, slid wide of X-ray beam 0.3 × 0.3 
mm, rotation range 0.7 °, exposure time 5 min, the edge of the plate 
corresponds to 3.8 A resolution. 
3. Progress in data collection 
Progress in collecting data to higher resolution was 
achieved during the last two years, made possible by 
crystallising Photosystem I on site (laboratories at syn- 
chrotrons in Hamburg, Grenoble, Daresbury and Orsay), 
immediately prior to X-ray data collection because diffrac- 
tion of crystals is best directly after crystallisation. 
A native data set was collected and successfully evalu- 
ated up to 3.8 ~, resolution. Several heavy atom derivative 
data sets of mercury, platinum, uranium and xenon were 
measured for phase determination by the technique of 
multiple isomorphous replacement. 
4. Overall structure of photosystem I 
The essential features of the Photosystem I structure of 
the 6 A model are confirmed by the new electron density 
map at 4.5 ~, resolution. 
In the 6 A map, a diffuse region of electron density at 
the lumenal side was interpreted as disordered subunit 
PsaF. This region can now clearly be assigned to the 
solvent region, and we assume that PsaF is largely located 
within the membrane. 
5. Arrangement of a-helices 
Fig. 2(A) shows the schematic representation of the 
arrangement of a-helices deduced from the 4.5 A electron 
density map. The view is along the membrane plane, the 
threefold axis is indicated on the left. The underlying 
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Fig. 2. Present model of arrangement of a-helices deduced from the 4.5 
,~ electron density map of Photosystem I (from [14]). (A) View direction 
is parallel to membrane plane, the a-helices are depicted as columns. 
Transmembrane s-helices assigned to subunits PsaA and PsaB are shaded, 
the membrane attached s-helices assigned to PsaA and PsaB are dotted. 
The positions of the three [4Fe-4S] clusters are depicted as cubes and 
indicate the stromal side. The threefold axis is indicated on the left side 
by the straight line with black triangle. (B) helix arrangement with view 
direction from the stromal side onto the membrane plane (Fig. 1A rotated 
by 90 ° about he horizontal). The local pseudo-twofold rotation axis is 
indicated by the black dot and identical with the position of the [4Fe-4S] 
cluster F~. The assignment of a-helices to either the large subunit PsaA 
and PsaB is arbitrarily. 
principle of oL-helical arrangement remains unchanged if 
compared to the 6 A structure. Important differences in- 
clude the fact that all transmembrane o~-helices now com- 
pletely span the membrane. 
The o~-helix arrangement can be analysed in more detail 
in a view from the stromal side onto the membrane plane, 
which is shown in Fig. 2 (B). Two categories of a-helices 
may be identified in the structure: a-helices assigned to the 
large subunits PsaA and PsaB (shaded) and the remaining 
a-helices which can be assigned to the smaller membrane 
integral subunits (unshaded). 
6. Helices assigned to subunits PsaA and PsaB 
The shaded a-helices are pair-wise related to each other 
by a local pseudo-twofold symmetry axis, parallel to the 
membrane normal and passing through the [4Fe-4S] cluster 
F x, which is indicated by the black dot in Fig. 2 (B). Five 
transmembrane o~-helices of each of the large subunits (e, 
f, g, h, i and e', f', g', h', i',) now surround the electron 
transport chain. In both the 6 A and 4.5 A electron density 
map, two a-helices, n and n', (dotted in Fig. 2) are seen to 
lie at the lumenal membrane surface. They adhere to the 
pseudo-twofold symmetry and therefore are also assigned 
to subunits PsaA and PsaB. 
The 4.5 A electron density map reveals two new 
pseudo-symmetry related e~-helices (s and s') lying at the 
stromal membrane surface. They are roughly located on 
opposite sides of the iron-sulfur cluster F x. 
A further six symmetry-related transmembrane a-helices 
(a, b, c, d, t, u and a', b', c', d', t' and u') are assigned to 
PsaA and PsaB in the 4.5 A electron densitv map. The 
a-helices t, t' and u, u' were not visible at 6 A resolution. 
In the electron density map, some o~-helices display 
lateral protrusions which could possibly belong to amino 
acid side chains of large aromatic residues. An unambigu- 
ous assignment of sequences to single transmembrane 
a-helices however proved not to be possible at this resolu- 
tion. 
To summarise: The complement of c~-helices of each of 
the large subunits PsaA and PsaB includes 11 transmem- 
brane and 2 membrane-surface a-helices in good agree- 
ment with hydrophobicity plots predicting 1 1 transmem- 
brane a-helices for PsaA and PsaB [16,17]. 
7. Helices belonging to small membrane intrinsic sub- 
units 
The o~-helices not related by the pseudo-twofold sym- 
metry are interpreted to belong to the small, membrane 
intrinsic proteins PsaI, PsaJ, PsaK, PsaL, PsaM and to the 
membrane anchor of the lumenal subunit PsaF. They are 
all located peripherally relative to the large subunits PsaA 
and PsaB. 
Three a-helices are now located close to the threefold 
axis in the connecting domain: the a-helices j and k 
(visible at 6 A resolution) and a-hel ix p. The latter is more 
strongly inclined relative to the membrane normal. No 
trimeric Photosystem I can be detected in deletion mutants 
of subunit PsaL [18,19]. PsaL must therefore be located in 
the connecting domain. It contains two to three membrane 
spanning o~-helices, implying that either two or three of the 
a-helices j, k, p must be assigned to it. 
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At the lipid exposed surface of the trimer, on the far site 
relative to the connecting domain, two a-helices have now 
been identified (m and q). Results from electron mi- 
croscopy [20] indicate, that mutants of Photosystem I 
lacking subunits PsaF and PsaJ are smaller in this region. 
As a consequence a-helices m and q can be assigned to 
these subunits. Each of these subunits has been predicted 
to harbour one transmembrane a-helix [4]. 
The remaining a-helices, unrelated by the pseudo-two- 
fold symmetry, must belong to the small membrane intrin- 
sic proteins PsaK, PsaI and PsaM. 
8. The electron transfer chain 
Fig. 3A shows the electron density in the region of the 
electron transfer chain at 4.5 A resolution with tentative 
assignment of the electron carriers. 
The arrangement and position of P700 and two addi- 
tional monomeric 'accessory' chlorophylls is confirmed by 
the new electron density map. The electron densities now 
show clear features of large aromatic molecules. While the 
positions of the 'accessory' chlorophylls have remained 
unchanged, the orientations of the aromatic planes are 
slightly different o those previously determined. 
A 
The major differences between the 6 A and the 4.5 ,~ 
models concern the positions of A 0 and A~. Theregions of 
electron density, assigned to A~ and A 0 at 6 A are now 
clearly constitute parts of the c~-helices e and e'. However, 
two new chlorophyll molecules have now been identified 
in the electron density map at 4.5 A resolution. They are 
roughly at the same depth relative to the surface of the 
membrane as the old positions previous!y identified as A 0 
and A~, but at a distance of about 13 A from and related 
by the pseudo-twofold symmetry axis. Their planes are 
inclined about 40 ° relative to the membrane normal. We 
assign these chlorophyll molecules to the spectroscopically 
characterised 'primary' electron acceptor A 0. Because of 
the pseudo-symmetrical arrangement, i  is not possible at 
present o identify either one or both of the chlorophyll 
molecules as the primary acceptor A 0 active in electron 
transport. 
The position of the two vitamin K l molecules can 
presently not unambiguously be identified. There are some 
more or less suitably structured regions of electron density 
in the new electron density map, which could be inter- 
preted as harbouring the head group of a Vitamin K 1 
molecule. But because large protrusions from c~-helices, 
presumably belonging to large amino acid side chains, are 
roughly of similar size, an assignment of Vitamin K I(A l ) 
to the electron density map is not feasible. 
B 
Fig. 3. (A) Section of electron density map at 4.5 ,~ resolution in the region of the electron transfer chain and present assignments to the electron carriers 
(with minor changes from [14]),view direction is parallel to the membrane plane, the pseudo-twofold local C2 axis is indicated by a vertical line. The 
assigned electron carriers are: on bottom two chlorophyll molecules (P700), about 12 ,& apart wo 'accessory' chlorophylls, at a further distance of about 9 
two chorophylls, assigned to A 0, on top the three iron sulfur clusters Fx, FA~ ~l~ and FABt2 ~. At the resolution of 4.5 ,~ no assignment of the position of 
the electron carrier A I (Vit K I ) was made and F A and Fr~ can not be distinguished. (B) Section of electron density map at 4.5 ,~ in the region surrounding 
P700 (from [14]), view direction is along the planes of the rings of the chlorophyll molecules of P700 and along the membrane plane. The chlorophyll on 
the left is in front, on the right is behind the paper plane. The rings of the chlorophylls are perpendicular to the membrane plane and have a distance of 
4.5 + 0.5 A to each other. On the left side of P700 part of helix e' is visible with connecting electron density to one chlorophyll of P700. 
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The positions of the iron sulfur clusters F x, F A and F B 
were visible as localised peaks of high electron density 
both at 6 and 4.5 ,~ resolution. They form an obtuse angled 
triangle oriented roughly perpendicular to the membrane 
plane. Their positions are essentially identical in both the 6 
and 4.5 A models. 
9. The region surrounding the terminal [4Fe-4S] clus- 
ters 
The distance between the terminal [4Fe-4S] clusters F A 
o 
and F B is 12 A, which is the same as that reported for the 
two [4Fe-4S] clusters in the soluble ferredoxin from Pep- 
tostreptococcus a accharolyticus (formerly known as Pep- 
tococcus aerogenes), showing sequence homology to sub- 
unit PsaC of Photosystem I. This soluble ferredoxin shows 
a local pseudo-twofold symmetry in respect of the position 
of the two [4Fe-4S] clusters and two one-turn a-helices 
connecting the [4Fe-4S] clusters [21]. The terminal [4Fe-4S] 
clusters in the subunit PsaC are similarly seen to be 
connected to such one-turn a-helices in the 4.5 ~, electron 
density map, obeying the same pseudo-twofold symmetry. 
Modelling the structure of the soluble ferredoxin into the 
region of electron density identified as PsaC indicates that 
it closely fits the electron density in the region of the 
connecting helices [14]. This implies a close evolutionary 
relationship between this soluble ferredoxin and PsaC from 
Photosystem I. 
EPR experiments on Photosystem I single crystals inde- 
pendently confirm these results. The rotation patterns of 
the EPR lines from F A and F B can be simulated taking the 
distance and orientation of the two [4Fe-4S] clusters in the 
soluble ferredoxin into account [22]. 
of P860 by c~-helices D in the reaction centre of purple 
bacteria [24,25]. 
In a previous paper we proposed that His 685 for 
subunit PsaA and the corresponding H660 for subunit 
PsaB are located in a-helices e and e' and that they are 
involved in the co-ordination of P700 [26]. 
Recently a mutant of H656N PsaB in Chlamydomonas 
reinhardtii (corresponding to H685 of PsaA in Syne- 
chococcus elongatus) was described, showing significant 
alteration in the surrounding of P700 (shift of redox poten- 
tial, optical spectra and ENDOR spectra of P700 ÷ [27]. 
This suggests that these histidines in the predicted 10th 
membrane spanning a-helix of PsaA and PsaB indeed 
co-ordinate the Chl a molecules of P700 and that a-helices 
e and e' can be assigned to the 10th membrane spans in the 
sequences of PsaA and PsaB. 
11. Antenna chlorophylls 
A unique feature of Photosystem I is the existence of an 
core antenna system bound to the large subunits PsaA and 
PsaB. Recently X-ray diffraction data were collected to 
10. The surrounding of P700 
Fig. 3B shows the electron density around P700 in more 
detail. The chlorin planes of the two chlorophylls of P700 
are oriented parallel to the membrane normal and parallel 
to each other. The centre to centre distance between these 
o 
two chlorophylls is 7 A, their planes have a distance of 
4.5 + 0.5 A. This orientation is in agreement with ENDOR 
measurements on Photosystem I crystals [23], which indi- 
cate that the plane of the Chl a of P700, carrying 85% of 
the spin density in P700 ÷, is oriented parallel to the 
membrane normal. Evaluation of the rotation patterns al- 
lows the orientation of the spin carrying Chl a of P700 to 
be determined precisely. 
In Fig. 3B connecting electron density is visible be- 
tween the two chlorophylls of P700 and the c~-helices e
and e'. A connection between an a-helix and a chlorophyll 
molecule would be expected, if a histidine side chain of 
this e~-helix provides the fifth ligand for the magnesium 
atom of the chlorophyll, as is the case in the co-ordination 
(B) ,~/~~ 
X 
Fig. 4. Present model of the arrangement of 64 antenna chlorophylls 
deduced from the 4.5 ,~ electron density map of Photosystem I (from 
[14]). (A) View direction is parallel to membrane plane, stromal side on 
top, lumenal side on bottom. (B) View direction from the stromal side 
onto the membrane plane. 
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higher resolution and electron density maps at 4 ,~ resolu- 
tion were calculated. Interpretation is still in progress. A 
preliminary antenna model presently includes 64 chloro- 
phyll molecules. 
Fig. 4 shows the positions of the 64 antenna chloro- 
phylls assigned so far. The chlorophylls are arranged in a 
bowl or shell surrounding the inner core of 14 o~-helices, 
which enclose the electron transport chain. The distances 
between eighbouring antenna chlorophylls are 9-16 A. 
The organisation of the antenna chorophylls in Photo- 
system I is unique. Without a highly symmetric organisa- 
tion, the arrangement of chlorophylls lacks the immediate 
aesthetic appeal of other antenna complex structures, in- 
cluding LHC II [28], the antenna complex of purple bacte- 
ria, LH 2 [29] or LH 1 protein [30]. 
12. Comparison with the reaction centre from purple 
bacteria 
Photosystem I shows only very little sequence homol- 
ogy to the reaction centre of purple bacteria, but the 4.5 
structure of Photosystem I reveals a close relationship to 
the a-helix arrangement reported for the reaction centre of 
purple bacteria [24,25]. Most prominently the arrangement 
of 5 transmembrane a-helices surrounding the electron 
transfer chain is remarkably similar. Furthermore the ar- 
rangement of P700, the additional two 'accessory chloro- 
phylls' and the third pair of chlorophylls assigned to A 0, is 
also reminiscent of that of purple bacteria. Looking at the 
structure in more detail, the main differences include: 
The a-helices e and e' from the two large subunits 
PsaA and PsaB are shorter and are less markedly 
inclined than the corresponding helices in the RC of 
purple bacteria. This leads to an arrangement, similar to 
' / \  ". In the RC of purple bacterial the corresponding 
helices are longer and cross the twofold axis, similar to 
'X' .  
• The arrangement of the inner core a-helices is more 
dense than as in the RC of purple bacteria, i.e. a-helices 
e and i' as well as e' and i are in closer contact o each 
other in PSI than the corresponding (x-helices in RC of 
purple bacteria. 
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Fig. 5. Comparison of the amino acid sequences of membrane spans I and IV of the N-terminal region PsaA and PsaB of Photosystem I with the 
comparative membrane span I and IV of the CP43 and CP 47 proteins of Photosystem I1 (gene products ofcpa2 and cpal, respectively). The sequences of 
Photosystem I are taken from the Brookhaven Data Bank for different species including cyanobacteria and higher plants, sequences of CP43 and CP47 
from the review [31]. The sequence in the predicted transmembrane spans I is shown on the left, the sequence of the predicted membrane span IV on the 
right. Differences in amino acids between the species are indicated by different amino acids at one position. The direction of the cx-helices in the 
membrane, i.e. lumenal and stromal side, was deduced from the folding predictions [4.16,17,33]. Identical amino acids in Photosystem I and II are 
indicated by a black dot, conservative changes by a grey dot. 
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• The c~-helices located at the stromal surface (s and s') 
are longer in Photosystem I than in the RC of purple 
bacteria. 
The existence of the [4Fe-4S] clusters is unique in 
Photosystem I. 
Outside the inner ring of a-helices (e-i and e'-i') no 
similarities can be found. 
• Photosystem I carries its own antenna system in con- 
trast to RC of purple bacteria. 
• There is no structural protein arrangement compared to 
subunit H from bRC of purple bacteria found in Photo- 
system I. 
13. Some speculations on the evolutionary relationship 
between Photosystem I and Photosystem II
Based on sequence homology and similar content of 
electron carriers, it was concluded, that the structure of D 1 
and D2 in Photosystem II will largely be similar to the RC 
of purple bacteria. Taking the structural similarities of 
Photosystem I and the reaction centre of purple bacteria 
noted above as a starting point, we pose the question of 
whether other aspects underline a closer relationship be- 
tween Photosystem I and Photosystem II than had previ- 
ously been anticipated. An extended paper on the structural 
relationships between all photoreaction centers is in prepa- 
ration. Here, we highlight one of the evolutionary aspects: 
Previously we proposed that the inner ring of s-helices 
surrounding the electron transport belong to the C-terminal 
part of PsaA and PsaB while the N-terminal sequence in 
turn co-ordinates the antenna chlorophylls [26]. Hydro- 
phobicity plots predicted 6 transmembrane spans for these 
sequences [16], which is in good agreement with the 
number of helices at the periphery of PsaA and PsaB in the 
4.5 ,~ structure (see Fig. 2 (B)). 
In Photosystem II the core antenna is bound by the 
proteins CP47 and CP43, with a chlorophyll content of 
about 50 chlorophylls, i.e. half that of Photosystem I. 
Six transmembrane spans have also been predicted each 
for CP43 and CP47 (see review [31]), raising the question 
of whether a sequence homology (noted previously for 
heliobacteria and CP47 [32]) can be found between some 
of the transmembrane regions in PsaA/PsaB and 
CP43/CP47. 
Fig. 5 shows the sequence of the predicted transmem- 
brane spans I and IV in comparison between PsaA and 
PsaB and CP43 and CP47. The sequence identity is ap- 
proximately 40%. However, the main features of these 
sequence regions are highly conserved, indicating that the 
core antenna proteins of Photosystem II CP43 and CP47 
and the N-terminal region of Photosystem I proteins PsaA 
and PsaB have evolved from a common ancestor. On the 
basis outlined above we suggest hat the general architec- 
ture of the Photosystem II core encompassing the subunits 
DI, D2 CP43 and CP47 is analogous to that of Photosys- 
tem I. 
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